An alternatively spliced form of c-myb exists that encodes an additional 120 amino acids in chicken and 121 amino acids in human and mouse. These amino acids are encoded by an additional exon, termed exon 9A. This exon is not present in v-myb, and proteins containing these amino acids have never been tested for oncogenic transformation. A series of myb constructs was therefore created in order to compare the functions of Myb proteins on the basis of their inclusion or exclusion of the amino acids encoded by exon 9A (E9A). We found that the presence of E9A resulted in a robust increase in transactivation for full-length c-Myb (CCC), as well as the singly truncated derivatives dCC and CCd, while doubly truncated Myb proteins v-Myb (dVd) and dCd did not exhibit any differences in transactivation. The increase in transactivation requires the Myb DNA-binding domain. When the leukemic transformation by the Myb proteins was tested, it was found that cells transformed by dVd resembled monoblasts, while cells transformed by CCC and its derivatives, dCd, dCC, and CCd, resembled myelomonoblasts. Despite differences in the morphology of the hematopoietic cells, the cell surface phenotypes and cell cycle profiles of transformed cells did not change for each pair of Myb proteins in the presence or absence of E9A. Thus, there was no direct correlation between the level of transcriptional activation and the strength of leukemic transformation.
Myb proteins were discovered through studies of avian myeloblastosis virus (AMV), a retrovirus that causes acute monoblastic leukemia in chickens. It was demonstrated that AMV contained an oncogene, v-myb, whose counterpart in the host cell was the proto-oncogene c-myb (reviewed in reference 43 ). Another retrovirus, E26, causes erythroid leukemia in vivo and transforms multipotent hematopoietic precursors in culture; this retrovirus contains v-myb fused in frame to a second oncogene, v-ets. In mice, infection with murine leukemia viruses can lead to myeloid leukemias that result from viral insertions into the c-myb locus.
The proto-oncogene c-myb encodes a 75-kDa nuclear protein with homologs in organisms including human, mouse, chicken, sea urchin, and Drosophila. The protein contains three functional domains: (i) the DNA-binding domain, (ii) the transactivation domain, and (iii) the negative regulatory domain (48) . The DNA-binding domain is located at the N terminus and consists of three imperfect repeats, each of which folds into a helix-turn-helix motif (45) . Downstream of the DNA-binding domain is the transactivation domain which contains acidic amino acids, as well as other conserved motifs (8, 37, 64) . The C-terminal portion of c-Myb contains the negative regulatory domain including a heptad leucine repeat (35) . However, sequences around this leucine repeat are required for transcriptional activation and leukemic transformation by v-Myb (23) . It has been postulated that inter-and intramolecular interactions involving the negative regulatory domain are required for the modulation of Myb function (11, 14, 20) .
The v-Myb oncoprotein from AMV contains N-and C-terminal truncations relative to c-Myb. The N-terminal truncation removes the first 71 amino acids of the protein including the majority of the first repeat of the DNA-binding domain. The C-terminal truncation removes the last 199 amino acids of the protein including much of the negative regulatory domain, although the heptad leucine repeat remains intact (Fig. 1 ). Ten amino acid substitutions are also present in v-Myb. Although these substitutions determine the lineage of the transformed cell, they are not required for transformation (12, 31, 60) . Overexpression of c-Myb in hematopoietic cells, as well as truncated forms of c-Myb, are also sufficient for transforming different cell lineages in vitro, albeit with variable efficiency (13, 21, 22, 24) . One possible explanation for these observed differences may be that the presence of the truncations and/or amino acid substitutions in v-Myb and/or c-Myb allows them to regulate distinct sets of target genes. Thus far, the mim-1 gene, which is expressed in immature granulocytes, is the best-characterized target gene for v-Myb (from E26 but not AMV) as well as c-Myb (43, 44) . Recently, GBX2, tom-1, and the adenosine receptor 2B gene were identified as regulatory targets for v-Myb (6, 36, 65) . Other genes that are targets for regulation by c-Myb include c-kit, CD34 (Sca-1), ADA (adenosine deaminase), and CD4 (18, 29, 41, 57) .
Although c-Myb expression has been reported in the skin, colon, respiratory tract, retina, testes, primary fibroblasts, and endothelial cells, the protein is most readily detected in immature hematopoietic precursors at high levels. These levels of c-Myb decrease as cells progress toward terminal differentiation (17, 27, 54, 63) . Alterations in levels of Myb proteins result in perturbations in hematopoietic development. Constitutive expression of c-Myb has been shown to block differentiation of erythroid and myeloid cell lines, implying that down-regulation of c-Myb expression is necessary for terminal differentiation of these cell types (4, 5, 9, 53, 59, 62) . In vivo studies demonstrate that mice that are homozygous mutants for c-Myb die at day 15 of embryogenesis. The embryos suffer from a lack of erythrocytes and myeloid cells in the fetal liver and blood; no other developmental abnormalities were observed (42) . Transgenic mice expressing a dominant negative form of c-Myb in T cells undergo severe disruption of T-cell development and have far fewer mature T lymphocytes than do nontransgenic mice (2) . Conversely, overexpression of v-Myb in T cells of transgenic mice leads to lymphomas that are made up predominantly of immature T cells (3) . Thus, the importance of c-Myb in regulatory events involved with hematopoietic differentiation and proliferation has been established both in vitro and in vivo.
Although the effects of Myb proteins in hematopoiesis have been shown in a number of different studies, the mechanisms by which the Myb proteins regulate cellular events are still unclear. Intracellular pathways containing upstream factors responsible for regulating c-Myb, as well as downstream c-Myb target genes, have not been well characterized. The role of c-Myb in hematopoietic differentiation became even more complex with the discovery of an alternatively spliced form of c-Myb in mice that encodes a larger protein of ϳ89 kDa (15, 46, 56) . This alternatively spliced form of c-Myb is also found in human and chicken cells (10, 51) . The transcript encoding the larger protein contains an additional exon, termed exon 9A (E9A), which is located downstream of the transactivation domain, disrupts the heptad leucine repeat, and encodes an additional 121 amino acids in humans and mice or 120 amino acids in chickens (Fig. 1) . Interestingly, the E9A sequence is not present in AMV or E26. Sequences related to E9A are also found in other Myb-related proteins including A-Myb and BMyb from vertebrates and Myb proteins from sea urchin and Drosophila. Based on Northern and Western blots of primary yolk sac cells, bone marrow cells, and established cell lines, it was demonstrated that c-Myb containing E9A is coexpressed at a level of 15 to 20% compared to the more dominant form of c-Myb lacking E9A (15, (50) (51) (52) 56) . Both protein isoforms localize to the nucleus, but the specific function of the protein encoded by the alternatively spliced form of c-myb is unknown.
The mechanism of alternative splicing to create proteins with contrasting functions plays important roles in regulating the development and growth of various organisms. The isoforms of some proteins are expressed at constant levels, but more commonly, expression of these isoforms is regulated at specific points in the development of a particular cell. For example, in Drosophila melanogaster alternatively spliced forms of the doublesex (dsx) gene produce proteins that differ in their carboxylterminal regions and determine sexual differentiation in somatic tissues. The doublesex protein in males represses transcription, whereas the doublesex protein in females activates transcription, even though both isoforms recognize the same DNA-binding site in the same target genes. Consequently, expression of sex-specific genes, such as the yolk protein genes, is activated by doublesex (female) and repressed by doublesex (male) (reviewed in reference 39). One could imagine that the alternatively spliced forms of c-Myb also have different functions; the two isoforms may modulate the development of distinct lineages of cells by regulating different sets of target genes. It is also possible that the functions of both isoforms overlap at one point in development, which could result in one isoform influencing the expression level and activity of the other isoform. Therefore, we conducted experiments to determine how the presence of the amino acids corresponding to E9A in various Myb proteins affects transcriptional activation and hematopoietic differentiation.
MATERIALS AND METHODS
Plasmid constructions. DNA restriction and DNA-modifying enzymes were purchased from New England Biolabs (Beverly, Mass.). To create sp73Iccd, plasmid sp73Iccc (which contains an encephalomyocarditis virus internal ribosomal entry site [IRES] element and the complete chicken c-Myb open reading frame) was digested with MscI/BamHI, and a 1,070-bp fragment corresponding to the C-terminal portion of c-Myb was removed. The plasmid was then treated with Klenow enzyme in order to fill in the BamHI overhang, and the plasmid was then self-ligated to create sp73Iccd; this plasmid was then digested with SalI/XbaI in order to isolate a 375-bp fragment encoding the newly modified 3Ј end. This fragment was then ligated into the SalI/XbaI sites of sp73Idcd and sp73Idvd so that all myb constructs containing a C-terminal truncation had identical 3Ј ends. To isolate the E9A fragment, the bursas from chicken embryos were used as the source of RNA, which was isolated by the Trizol extraction procedure. Poly(A) ϩ mRNA was then selected by using an Oligotex mRNA kit (Qiagen Inc., Chatsworth, Calif.), and reverse transcription-PCR was carried out to amplify the 770-bp fragment which contains E9A sequence flanked by c-myb sequence. PCR primers were designed such that the Bsu36I and MscI sites flanking E9A on either side were preserved. This fragment was then cloned into a pCR-Script SK(ϩ) plasmid by using a pCR-Script SK(ϩ) cloning kit (Stratagene, La Jolla, Calif.). The E9A sequence was verified with a Sequenase kit (United States Biochemical Corp., Cleveland, Ohio). A 542-bp fragment, encoding E9A and flanking c-myb sequences, was isolated after digestion with Bsu36I and MscI; this fragment was cloned into the Bsu36I/MscI site of the plasmid sp73Iccc (fulllength c-myb) to construct sp73Iccce. An MscI/BamHI deletion was then made to construct sp73Iccde. A SalI-XbaI fragment from sp73Iccce that contains part of c-myb along with E9A was isolated and cloned into sp73Idcc to create sp73Idcce. A SalI/XbaI fragment from sp73Iccde that contains the C-terminally truncated c-myb along with E9A was isolated and cloned into sp73Idcd and sp73Idvd to create sp73Idcde and sp73Idvde. The different IRES-myb coding sequences from these plasmids were then isolated by using ClaI and cloned into the ClaI site of the viral plasmid, N-Cla, to create NIccce, NIdcce, NIccde, NIdcde, and NIdvde, as well as NIccc, NIdcc, NIccd, NIdcd, and NIdvd ( Fig. 1) . To construct the GAL4-Myb fusion constructs, the SmaI/ClaI fragments from sp73Icmyb, sp73Iccce, sp73Iccd, and sp73Iccde were isolated and cloned into the SmaI/ClaI site of plasmid pSG424-Cla, which contains the GAL4 DNA-binding domain [GAL4(DBD)]. The luciferase gene (luc) reporter plasmids, polyA-EW5 and polyA-GAL4, have been previously described (23) .
Cell culture. QT6 quail fibroblasts were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with glucose (4.5 g/liter), 1ϫ minimal essential medium nonessential amino acids, 1 mM sodium pyruvate, 2 mM glutamine, streptomycin (100 g/ml), penicillin (100 U/ml), and 5% fetal calf serum. Yolk sac cells isolated from day 12 to 13 chicken embryos were maintained in Iscove's medium supplemented with 10% fetal calf serum, 5% heat-inactivated chicken serum (56°C for 1 h), 1ϫ minimal essential medium vitamins, and the same concentrations of the other supplements described above. QT6 fibroblasts were grown in a humidified 10% CO 2 -90% air 37°C incubator, and the yolk sac cells were maintained in a 5% CO 2 -95% air 37°C incubator.
Transcriptional activation assay. Transient transfections were performed by a modified calcium phosphate precipitation method (7, 30) . The myb-expressing plasmid (3 g), luc reporter plasmid (1 g), ␤-galactosidase (␤-Gal)-expressing plasmid (CMV␤-gal; 0.5 g), and tRNA (5.5 to 6 g) were transfected into 10 control. Forty-eight hours after transfection, the cells were washed with 5 ml of phosphate-buffered saline (PBS), scraped, and resuspended in 1 ml of PBS. Each sample was then divided in half and pelleted by centrifugation (5 min, 400 ϫ g). One half was resuspended in 100 l of 0.25 M Tris buffer (pH 7.5), lysed by freezing and thawing three times, and assayed for luciferase activity and ␤-Gal activity (1, 49) . ␤-Gal activity was then used to normalize for the variation in transfection efficiency among different plates. The other half of each sample was dissolved in 100 l of sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer. Normalized volumes of each sample based on ␤-Gal activity were then used to determine Myb expression by immunoblot (see below). All transfection experiments were performed four times.
Transformation assay. To convert proviral plasmids into infectious viruses, 10 g of each proviral construct, carrying the myb and neo genes, was cotransfected with 1 g of replication-competent helper-virus plasmid (pMAVdX) into QT6 fibroblasts. G418-resistant cells were selected in standard QT6 medium supplemented with G418 (Gibco-BRL) at a final concentration of 200 g/ml for 2 weeks. The virus-producing QT6 cells were then treated with mitomycin C (10 g/ml) and used as a feeder layer in cocultivations for 24 h with primary hematopoietic cells isolated from day 12 or 13 chicken embryonic yolk sacs. The next day, the nonadherent hematopoietic cells were transferred to fresh plates. These infected cells were monitored by microscopy and fed with 3 ml of fresh medium every 2 to 3 days. On day 5, 10 5 cells from each plate were seeded into 4 ml of 0.8% methocel (HCC-4100; Stem Cell Technologies Co., Vancouver, Canada) supplemented with 1ϫ Iscove's medium, 10% fetal calf serum, and 5% heatinactivated chicken serum and then incubated at 37°C for 2 to 3 weeks. Each batch of cells was also infected with a virus (N-Cla) containing the neo gene alone as a negative control to examine the effect of the vector itself and of endogenous viruses from chicken embryos in this assay. The viral supernatants from each plate of QT6 fibroblasts used for cocultivation were saved and used to reinfect 10 6 fresh QT6 fibroblasts. After G418 selection, viral titers were determined, and immunoblot analyses were performed to confirm Myb protein expression. At least two independent transformation assays were performed for each construct.
Immunoblotting. Extracts were prepared by lysing transfected QT6 fibroblasts of transformed yolk sac cells in SDS loading buffer; the lysates were then boiled for 5 min. Normalized volumes of lysates (based on internal control ␤-Gal activity for transient transfections or equivalent cell numbers for transformed yolk sac cells) were subjected to SDS-PAGE (10% polyacrylamide gel), and then the proteins were transferred to a nitrocellulose membrane (BA-S83; Schleicher & Schuell). Myb expression was detected by using a mixture of Myb monoclonal antibodies (5E, 2.2, and 2.7) (19, 58) . Blots were developed as specified by the manufacturer by using goat anti-mouse immunoglobulin G conjugated to alkaline phosphatase (Promega), 5-bromo-4-chloro-3-indolylphosphate (BCIP), and nitroblue tetrazolium.
Cytocentrifugation and fluorescence-activated cell sorter (FACS) analyses. Approximately 5 ϫ 10 4 transformed yolk sac cells were spun onto glass slides with a cytocentrifuge at 400 ϫ g for 5 min (Cytospin 2; Shandon), air dried, fixed with methanol, and stained with a modified Wright-Giemsa stain (Diff-Quick; Baxter). The cells were photographed under a magnification of ϫ1,000.
For analyses of cell surface markers by FACS, 10 6 transformed yolk sac cells were resuspended in 1 ml of cold DMEM-10% fetal calf serum-25 mM HEPES (pH 7.4) and centrifuged at 4°C (400 ϫ g, 5 min). The supernatant was removed, and 50 to 100 l of the primary antibody of interest (HLO72 or 1C3) was then added to the cells. After incubation on ice for 30 min, the cells were washed twice with 1 ml of cold medium as described above and washed once with Hank's balanced salt solution (HBSS). Each sample was then evenly dispersed into 30 l of anti-mouse secondary antibodies conjugated to fluorescein or phycoerythrin (Pharmingen, San Diego, Calif.) diluted 125-fold with HBSS, covered with foil, and incubated on ice for 30 min. Stained cells were then washed twice with 1 ml of HBSS and resuspended in 500 l of cold HBSS-propidium iodide (PI; 1 g/ml). As a negative control, each type of cell was similarly stained in the absence of primary antibody. The data were collected after gating out PI-stained, nonviable cells.
For analyses of DNA content by FACS, 10 6 cells were spun down and resuspended in 500 l of PBS. The cells were then fixed with 70% ethanol (2 to 4 ml), which was slowly added to the cells; the cells were gently vortexed to prevent clumping. The cells were left in this fixative for 30 min at 4°C then centrifuged (400 ϫ g, 5 min), and resuspended in the PI-RNase A solution (PI, 10 g/ml; RNase A, 250 g/ml). The cells were incubated at 37°C for 30 min and then analyzed by FACS. All FACS samples were analyzed with Vantage flow cytometer (Becton Dickinson, San Jose, Calif.). The data were analyzed with CellQuest software (Becton-Dickinson).
RESULTS
Transactivation by Myb proteins that differ in the presence/ absence of E9A. This study focused on detecting any difference in function between Myb proteins that contain and those that lack E9A. We constructed two sets of myb-expressing proviral plasmids that differed only in the inclusion/exclusion of exon 9A (Fig. 1) . The parent plasmid contains two retroviral long terminal repeats and the neo gene, which encodes a phosphatase that confers neomycin and G418 resistance. Downstream of the neo gene is an IRES element from encephalomyocarditis virus, followed by different forms of the myb gene. When transcribed, the IRES element forms a multistem loop structure that promotes ribosomal binding and translation of the Myb protein (32) . Also, IRES-containing retroviruses are more efficient at expressing two genes than those utilizing differential splicing or internal promoters (25) .
To test for differences in function between the Myb proteins in the presence/absence of E9A, we carried out transcriptional activation assays in which the proviral plasmid containing the myb construct, a luciferase reporter plasmid (EW5), and a ␤-Gal-expressing plasmid (CMV␤-gal) were cotransfected into QT6 quail fibroblasts. QT6 quail fibroblasts were convenient cells to use for transactivation assays since they lack endogenous cMyb expression. The reporter plasmid contains five tandem copies of a high-affinity Myb-binding site from the promoter of the mim-1 gene (44), followed by the TATA box from the adenovirus E1B gene and the luc gene. Forty-eight hours after transfection, the cells were analyzed for luciferase activity, which reflects the ability of the Myb protein to up-regulate or (transactivate) the gene expression. Results of the luciferase assays are shown in Fig. 2A . Luciferase activities were normalized for transfection efficiency by using ␤-Gal expression as an internal control and then compared to the value for dCd. A fivefold increase was seen between CCCE and CCC (c-Myb), as well as dCCE and dCC. A 15-fold increase was seen with CCdE compared to CCd. However, the presence of E9A did not lead to significant differences in transactivation of the doubly truncated proteins, dCdE and dVdE, compared to dCd and dVd, respectively ( Fig. 2A) . Immunoblot analysis of cell extracts normalized for transfection efficiency confirmed that proteins of the expected sizes were produced for all samples. Similar levels of Myb protein expression were observed for each pair of constructs in the presence and absence of E9A (Fig. 2B) . These results demonstrated that the presence of E9A results in an increase in transactivation when the N terminus and/or C terminus of the Myb protein is also present. In contrast, no enhancement in transactivation by E9A is seen when the Myb protein contains truncations at both the N and C termini. This finding suggests that the presence of E9A in a Myb protein with at least one intact terminus (CCCE, CCdE, or dCCE) allows the resulting Myb protein to adopt a different three-dimensional structure that is not observed in doubly truncated Myb proteins (dVdE and dCdE).
The Myb DNA-binding domain is required for E9A function. To determine if increased transcriptional activation due to E9A requires the Myb DNA-binding domain, we constructed a series of heterologous fusion proteins in which the Myb DNAbinding domain of each construct was replaced with the GAL4 DNA-binding domain. The resulting fusion proteins were named GAL4-CC, GAL4-CCE, GAL4-Cd, and GAL4-CdE. Transactivation assays were then performed with a GAL4 reporter containing GAL4-binding sites. The results of these assays using the wild-type GAL4 protein as a positive control and a construct containing the GAL4 DNA-binding domain alone as a negative control are shown in Fig. 3A . It was previously shown that GAL4-Cd displays activity due to the absence of the negative regulatory domain, whereas GAL4-CC does not activate transcription (14) . The presence of E9A did not result in a substantial increase in transactivation by GAL4-Myb fusion proteins relative to those lacking E9A. Immunoblot analysis of cell extracts normalized for transfection efficiency showed similar levels of Myb protein expression for each pair of constructs in the presence and absence of E9A (Fig. 3B) . Therefore, these data suggest that the regulatory function of exon 9A is specific for the Myb DNA-binding domain.
Transformation by Myb proteins in the presence/absence of E9A. To study the function of E9A in oncogenic transformation, both sets of constructs were used for leukemia transformation assays in culture. Individual proviral plasmids containing the neo and myb genes were cotransfected into QT6 fibroblasts with a plasmid (pMAVdX) encoding a helper virus, in order to convert the proviral plasmids into infectious viruses. G418 selection for neo expression was completed to isolate stably transfected cells. These virus-producing QT6 fibroblasts were subsequently cocultivated with yolk sac cells isolated from day 12 to 13 chicken embryos. Yolk sac cells are rich in myelomonocytic progenitor cells at this stage in development. When infected with a negative control corresponding to a virus lacking a myb construct (N-Cla), the primary yolk sac cells differentiate within 3 weeks and cease dividing, whereas yolk sac cells infected with a v-myb-expressing virus fail to differentiate and continue to proliferate in liquid culture. Another property of transformed cells is their ability to form colonies in a semisolid methocel matrix. The number of colonies formed is an indication of the number of target cells successfully transformed by the virus, and the size of the colonies is an indication of the growth rate of the transformed cells. Thus, the cell concentration in liquid culture and the methocel assays are both used as measurements of the transformation ability of the different Myb proteins. Table 1 contains the results of the outgrowth in liquid culture and the methocel assays. In liquid culture, obvious outgrowth was observed 3 weeks after infection by all myb viruses relative to the negative control, N-Cla. The doubly truncated proteins, dVd and dCd, along with dVdE and dCdE, displayed the strongest transformational efficiencies. The N-terminally truncated protein, dCC, and its counterpart, dCCE, displayed moderate levels of transformation. The C-terminally truncated protein, CCd, and its counterpart, CCdE, as well as CCC and CCCE, were found to be weakly transforming. When the transformed cells were counted on day 21, it was found that relative to N-Cla, the cell concentrations were 300-to 600-fold higher for strongly transforming proteins but only 10-to 20-fold higher for weakly transforming proteins. The results of the methocel assays corroborate the cell numbers found in liquid culture. All transforming constructs gave rise to a larger number of colonies than the negative control (Table 1) . Colonies corresponding to dVd and dVdE were extremely compact and possessed distinct borders. Colonies corresponding to dCd/dCdE, as well as all other derivatives of CCC with and without E9A, had compact centers surrounded by a more diffuse border of cells, suggesting increased differentiation along the monocyte/ macrophage lineage (Fig. 4A) .
The morphologies and cell surface phenotypes of transformed cells from both sets of Myb proteins were further analyzed by using a modified Wright-Giemsa stain and FACS analysis. The presence/absence of E9A did not result in differences in cellular morphology for dVd and dVdE, and both types of cells expressed the monoblast-specific marker HLO72; the cells did not express 1C3, a granulocyte-specific marker ( Fig. 4B; Table 1) (38, 40) . The morphologies of cells transformed by CCC, as well as its singly and doubly truncated derivatives (dCd, dCC, and CCd), did exhibit differences in comparison to their counterparts containing E9A. Absence of E9A gave rise to cells that were larger in size and contained bilobed nuclei, a characteristic of differentiating cells. In contrast, the presence of E9A gave rise to cells that were smaller and contained nuclei that were rounder, suggesting a lesser degree of differentiation (Fig. 4B ). Despite these differences in morphology, all cells were positive for both HLO72 and 1C3, regardless of the presence/absence of E9A. Protein expression was confirmed by immunoblot analysis (Fig. 5) . As observed previously with v-Myb, the transformed cells did not appear to express the endogenous c-Myb protein. To look for any differences between the cell cycle profiles of the various transformed cells, we used FACS analysis to measure the DNA content of the cells; we found that the presence/absence of E9A in the Myb proteins did not alter the DNA profiles of the transformed cells (data not shown).
DISCUSSION
In this study, we constructed two sets of viruses to test the functional properties of Myb proteins with or without the E9A and then analyzed the resulting proteins in transactivation and transformation assays. An increase in transactivation was observed in the presence of E9A, provided that at least one terminus of the c-Myb protein was intact. This observation suggests that the amino acids encoded by E9A allow for conformational changes that require either the N or C terminus of the Myb protein. This modified protein structure would thus enable the Myb protein to increase the level of transactivation through the formation of novel intramolecular interactions and/or intermolecular interactions with other proteins. We observed a 15-fold increase between CCd and CCdE but only a 5-fold increase between dCC and dCCE and between CCC and CCCE. This difference is probably due to the absence of the negative regulatory regions contained within the C terminus (14, 33, 48) . Evidence exists for proteins that interact with the negative regulatory domain as a means of regulating Myb function (11, 20) . In contrast, no significant difference in transactivation was observed with doubly truncated proteins dVd/ dVdE and dCd/dCdE. This finding suggests that truncation of both termini resulted in a conformation of Myb proteins that was not influenced by the presence of E9A.
The dependence of E9A function on the Myb DNA-binding domain was investigated by creating GAL4-Myb fusion proteins that contained the GAL4(DBD) fused to Myb sequences. It had already been observed that the absence of the negative regulatory domain in the GAL4-Cd fusion protein results in significant transcriptional activity relative to GAL4-CC (14) . We found that the presence of E9A in these GAL4-Myb fusion constructs did not substantially alter their transactivational activity relative to fusion proteins lacking E9A. This finding demonstrates that amino acids encoded by E9A do not constitute a nonspecific transactivation domain. Rather, the GAL4-Myb transactivation studies imply that the function of E9A is specific for the Myb protein and requires the Myb DNA-binding domain for increased activation. These results reinforce the idea that E9A serves to specifically alter the three-dimensional conformation of Myb proteins through the N and C termini.
To study the biological function of E9A, leukemic transformation assays were performed. It was thought that the c-Myb isoform containing E9A might be differentially expressed in a subset of immature hematopoietic cells. Differences in expression of Myb isoforms might then determine the developmental fate of the cell toward distinct lineages. Performing the transformation assays with two sets of Myb proteins that differed in the presence/absence of E9A allowed us to determine that the presence of E9A was compatible with transformation. We observed no differences between each pair of Myb proteins in terms of transformation efficiency and DNA content. The proteins dVd/dVdE and dCd/dCdE conferred the highest efficiencies in transformation, as demonstrated by methocel assays and cell outgrowth in liquid culture. The proteins dCC/dCCE displayed moderate transformation efficiency, while CCC/CCCE and CCd/CCdE displayed only weak levels of transformation. Cells transformed by dVd and dVdE exhibited similar morphologies typical of monoblasts and expressed the monoblastspecific marker HLO72 but not the granulocyte marker 1C3. Comparisons among c-Myb (CCC) and its derivatives (dCC, CCd, and dCd) with their counterparts that contain E9A also showed similarities in transformation phenotypes. All of these transformed cells expressed HLO72 and 1C3. The only differences exhibited by c-Myb-derived proteins with and without E9A pertained to the morphologies of the transformed cells. Myb proteins lacking E9A transformed cells that were larger and contained bilobed nuclei. In contrast, Myb proteins containing E9A transformed cells that were smaller and contained rounded nuclei. These differences in morphology sug- [38] ) and 1C3 (a granulocyte-specific marker [40] ) were assayed by FACS analyses using the relevant antibodies. ND, not determined; Ϫ, not detectable; ϩ detectable (Ն85% of the cells stained positively for the cell surface marker).
b Transformed cells were counted on day 21. Data from one representative experiment are shown. gest that Myb proteins containing E9A (dCdE, dCCE, CCCE, and CCdE) transform a more immature progenitor than their counterparts lacking E9A (dCd, dCC, CCC, and CCd).
It had previously been observed that a truncation of the N-terminal portion of c-Myb (dCC) conferred moderate transforming ability to the resulting protein; a C-terminal truncation (CCd) or a double truncation (dCd) of c-Myb resulted in weak transformation (13, 28) . In addition, it was thought that dCC and CCd transformed promyelocytes, dCd transformed more immature myelomonoblasts, and dVd (v-Myb) transformed monoblasts. The results here show that the phenotypes of transformed cells expressing dCd, CCd, and dCC are in fact fairly similar. All cell types exhibited similar myelomonoblastic morphologies. The cells expressed similar levels of HLO72 and 1C3 on their surfaces. It seems that the presence of the single or double truncations in c-Myb modulates the development of the transformed cells toward similar pathways. Only cells transformed by v-Myb, which contains the amino acid substitutions in addition to the N-and C-terminal truncations, displayed a contrasting cellular phenotype, expressing only the monoblastspecific marker HLO72. It was found that the transformation efficiency of dCd mimicked that of dVd (v-Myb), as shown by the methocel colony formation and cell outgrowth in liquid culture. Differences in transformation ability and cellular phenotype between our results and other published findings may be due to differences in experimental protocol. In some of the previous studies, chicken monocytic growth factor (cMGF) was added to the liquid media and might have influenced the differentiation of the treated cells (28) . Because cMGF is most similar to mammalian granulocyte colony-stimulating factor, it seems likely that the absence of exogenous cMGF in our transformation assays allowed the cells to adopt a less committed phenotype than previously observed. Additionally, the inclusion of the IRES element in the proviruses may have resulted in more efficient expression of the myb gene than the spliced retroviruses previously used (25) .
Existence of an alternatively spliced form of c-Myb was first observed in mice. Myeloid tumors were generated by retroviral insertional mutagenesis in mice, and cell lines derived from those tumors were analyzed. The cell line ABPL-2 was found to contain two isoforms of c-myb corresponding to the presence/absence of E9A (47) . Initially, it was believed that the larger c-myb isoform was unique to transformed cells. Subsequently, it was demonstrated that both isoforms were coexpressed in various tumor cell lines, as well as primary cells harvested from murine tissues (15, 16, 26, 46, 55, 56) . The existence of E9A was also found in chickens and humans (10, 51) . Although c-myb including E9A was detected in avian bursa, thymus, spleen, and bone marrow, the largest amount of this transcript was observed in yolk sac cells (52) . The transformation assays described in this study demonstrate that both Myb isoforms appear to function similarly in oncogenic transformation. Furthermore, no correlation was found between the transactivation and transformation studies. Other experiments have also shown that increased transactivation levels do not necessarily result in increases in transformation (12, 13) . Perhaps the elevated transactivation levels seen with a Myb protein that contains E9A is important early in hematopoietic differentiation. It remains possible that one Myb isoform with stronger transactivation ability is needed to establish expression of key target genes in early progenitor cells.
In addition to c-Myb, alternative splicing of a sequence related to exon 9A has also been reported for the murine B-myb gene (34) . When the E9A sequence is compared with sequences of other Myb proteins in different organisms, significant regions of homology can be found among the sequences (Fig. 6) . The last 12 amino acids in E9A, in particular, are highly conserved among Myb proteins from organisms including human, mouse, chicken, sea urchin, and Drosophila. The conservation of E9A sequences in such a diverse class of organisms attests to the importance of preserving E9A during evolution of the Myb family of proteins. Further studies of Myb Fig. 1, 10 6 cells from each sample were lysed and separated by SDS-PAGE, and proteins were detected with a mixture of Myb monoclonal antibodies (2.2, 2.7, and 5E). The relative mobilities of molecular weight markers are indicated to the left in kilodaltons.
FIG. 6. Alignment of E9A sequences from c-Myb with homologous sequences in Myb proteins from various species. All sequences were obtained from GenBank. The alignments were performed with the computer program ClustalW (61) . The most highly conserved residues are highlighted and were determined by using the computer program Boxshade. Dark shading indicates identity; light shading indicates similarity; dashes indicate gaps in the alignment. Dmyb, Drosophila Myb; Hu, human; Mo, mouse; Ch, chicken; Ur, sea urchin; Dr, Drosophila.
will allow delineation of the role this protein has in development of progenitor cells.
